We introduce three right-handed neutrinos and three sterile neutrinos, and consider an inverse seesaw mechanism for neutrino mass generation. From naturalness point of view, their Majorana masses should be small, while it induces a large neutrino Yukawa coupling. Then, a neutrinoless double beta decay rate can be enhanced, and a sizable Higgs mass correction is inevitable. We find that the enhancement rate can be more than ten times compared with a standard prediction from light neutrino contribution alone, and an analytic form of heavy neutrino contributions to the Higgs mass correction. In addition, we numerically analyze the model, and find almost all parameter space of the model can be complementarily searched by future experiments of neutrinoless double beta decay and µ → e conversion.
Introduction
electroweak (EW) scale from the naturalness point of view. In Sec. 5, we show numerical results of heavy neutrino contributions to the effective neutrino mass and the Higgs mass correction. Finally, we summarize our results in Sec. 6. 2 Mass spectrum in inverse seesaw models
In this section, we explain a mass spectrum in inverse seesaw models. To realize the inverse seesaw mechanism, we introduce three pairs of SM gauge singlet fields (N, S), which have the lepton number L = 1. Then, the Lagrangian contains
where ℓ is the lepton doublet, which has the lepton number L = 1, andΦ = iσ 2 Φ is the charge conjugation of the Higgs doublet Φ. The 3 × 3 complex matrices M N , µ N,S , and Y ν stand for Dirac-type mass, Majorana masses, and neutrino Yukawa coupling, respectively. We have assumed that S does not couple with ℓ at tree level, 2 and will call N and S righthanded neutrino and sterile neutrino, respectively.
After the EW symmetry breaking, the Higgs obtains a nonzero vacuum expectation value, Φ = v/ √ 2 ≃ 174 GeV, and then, the Dirac neutrino mass matrix is induced by
In the basis of n R = (ν c L , N, S) T , the neutrino mass terms become
where the 9 × 9 neutrino mass matrix M is given by
The lepton number is broken by two Majorana masses µ N and µ S , and they should be much smaller than M N and m D in the 't Hooft's sense of naturalness. In the technically natural limit of µ N,S ≪ m D , M N , the order of magnitude of mass eigenvalues are given by
In the limit of µ N,S → 0, active neutrinos become massless and lepton number conservation is restored. Note that the active neutrino mass m ν can be suppressed by small µ S , but does not depend on µ N at the tree-level. 3 For m D ≪ M N , the heavy neutrino masses are approximated by O(m ± ) ≃ ±M N + (µ S + µ N )/2, and thus, the mass difference between them is small as O(µ N,S ).
To explain the active neutrino mass scale m ν ∼ 0.1 eV, if there is no accidental cancellation, or no fine-tuning, the energy scale of µ S should be
for a given M N and Y ν . Technically natural limit of µ N,S ≪ m D , M N requires 0.1 eV µ S ≪ 100 GeV ,
where the lower and upper bounds have been obtained by
µ S , and m D 100 GeV corresponding to a perturbativity bound Y ν 1, respectively. Using Eq. (6) and
8 GeV is required to satisfy Eq. (7). Actually, µ S and M N are constrained more severely by the lepton flavor violation as we will show in Sec. 5.
In the matrix form, active neutrino mass matrix is given by
where we have defined
, and the last form is the same as the type-I seesaw model [1] . The active neutrino mass matrix is diagonalized by Pontecorvo-MakiNakagawa-Sakata (PMNS) matrix U PMNS [42, 43] :
where m i (i = 1, 2, and 3) are the mass eigenvalues of three lightest neutrinos. Actually, since this diagonalization is satisfied at leading order level, we will define an unitary matrix diagonalizing the full 9 × 9 neutrino mass matrix in the end of this section, and use it for numerical calculations.
Using the Casas-Ibarra parametrization [44] , the neutrino Yukawa coupling matrix is parametrized by
where V is a unitary matrix, which diagonalizes X by V XV
The complex orthogonal matrix R can be parameterized by 
where c ij = cos ω ij and s ij = sin ω ij with arbitrary complex angles ω ij . The overall sign ζ = ±1 (1 is an 3 × 3 identity matrix) corresponds to degree of freedom of a parity transformation, which determines det[R] = ±1 for ζ = ±1. In the following, we assume that M N , µ S and µ N are diagonal, and also µ N = µ S for simplic-
, and V becomes a unit matrix. When both M N and µ N,S are diagonal, before the EW symmetry breaking, mass eigenvalues of heavy neutrinos become m i± = ±M i + µ i for i = 1, 2, and 3 ,
because of m D = 0. The mass eigenvectors are given by N i± = (N i ± S i )/ √ 2, and they have the same neutrino Yukawa couplings like (Y ν / √ 2)N i±Φ † ℓ. Therefore, before the EW symmetry breaking, there exist the almost identical particles, which have the same couplings and masses with a small difference µ i . Since the degenerate heavy neutrinos naturally arise in inverse seesaw models, the BAU can be explained by leptogenesis through the neutrino oscillation [45, 46] . On the other hand, if the number of sterile neutrinos are larger than the number of righthanded neutrinos, there exit additional mass eigenstates with their masses of O(µ S ).
The new mass eigenstates can explain the short baseline neutrino oscillation anomalies with µ S ∼ O(eV) [47] , and/or the relic density of dark matter with µ S ∼ O(keV) [48] .
However, these issues are beyond the scope of this paper. For the following discussion, it is useful to show the mass matrix in the (ν 
where m
. Now, we define U as an unitary matrix diagonalizing this full 9 × 9 mass matrix, which is given in the following form:
The mass eigenstates ν 1 , ν 2 and ν 3 correspond to the active neutrinos, and ν i 's (i = 4 ∼ 9)
are the heavy neutrinos in light order from i = 4 to 9. For m D ≪ M N , the heavy mass eigenstates are almost composed of N i± . In particular, diagonal elements U ii (i = 4 ∼ 9)
are nearly unity, unless M N is degenerate. In addition, matrix elements expressing the leftright mixing are almost satisfy
for α = e, µ and τ , which are exactly satisfied in the limit of µ i → 0.
Neutrinoless double beta decay
The massive Majorana neutrinos induce neutrinoless double beta decay, and its rate is proportional to the squared of the effective neutrino mass, which is given by
2 is the typical virtual momentum of the neutrino. The first summation term corresponds to contributions from the active neutrinos, and m N eff stands for the heavy neutrino contributions. In the inverse seesaw model, m N eff can be obtained by [49, 50] 
In the limit of µ i → 0 (no lepton number asymmetry), the heavy neutrino contributions
. Notice that we can usually take (
but this approximation becomes invalid if one considers leptogenesis
thorough neutrino oscillations to explain the BAU, in which 0.1 2µ i /M i 1 [46] . In addition, the unitary matrix U has the following approximate relations:
where α = e, µ and τ . Then, we find the analytic form of m
with The coefficient factor in Eq. (18) is strongly suppressed for a large ( Figure 1 shows it as a function of (M The existence of heavy neutrinos also induce non-standard interactions in the leptonic sector, which correspond to non-unitarity of the PMNS matrix. The deviation from unitarity can be estimated by
where N is the 3 × 3 non-unitary matrix describing the mixing between the light neutrino mass eigenstates and the SU(2) L gauge eigenstates, that is, the PMNS matrix. The values of ǫ αβ are severely constrained by the combined data from neutrino oscillation data, lepton-flavor-violating decays of charged leptons, non-universality of weak interaction, CKM unitarity bounds, and EW precision data [51] :
The constraint on ǫ eµ (= ǫ µe ), which comes from a constraint on the lepton-flavor-violating muon decay µ → eγ, is much stronger than the others. Without assuming accidental cancellation or special textures for the neutrino Yukawa coupling matrix (that is, all components of Yukawa coupling matrix have the same order values), once model parameters are set to satisfy ǫ eµ ≤ 2.4 × 10 −5 , the other constraints can be simultaneously satisfied.
Higgs mass correction
The heavy neutrinos may lead a sizable Higgs mass correction. In our notation, the Higgs potential is given by 
where we have used Casas-Ibarra parametrization (10), and assumed both M N and µ S are diagonal. We have taken cutoff scale as the reduced Planck scale M Pl = 2.44 × 10 18 GeV.
In the last expression of Eq. (22), D X → D M corresponds to the Higgs mass correction in the type-I seesaw model. Thus, in the inverse seesaw model, the Higgs mass correction can be enhanced by a factor M N /µ S compared to the type-I seesaw model. Since we have assumed that both M N and µ S are diagonal, the trace part in Eq. (22) can be simply shown by
In addition, when both M N and µ S are degenerate, i.e., M N = M d 1 and µ S = µ d 1, this trace can be rewritten by
with 
In this expression, we can see R i ≥ 1. This fact is easily understood in two flavor case, in which the number of right-handed neutrinos and sterile neutrinos are two. In the two As a result, the Higgs mass correction has the minimal value:
where the equals sign holds with, e.g., R = 1. For the non-degenerate case, M d is replaced by the heaviest neutrino mass. This fact is much different from the type-I seesaw model, in which |δm
6 GeV. Therefore, from the naturalness point of view, inverse seesaw models have to introduce heavy neutrinos more carefully than the type-I seesaw model.
Numerical analysis
In this section, we show numerical results of the effective neutrino mass (15) and the Higgs mass correction (22) . We focus on the case where M N and µ N = µ S are real diagonal matrices and normally hierarchical M N , i.e., M 1 < M 2 < M 3 . Actually, even if they are not normally hierarchical, we have found similar conclusions for other hierarchies. In our numerical calculations, we take the input parameters as 
and neutrino oscillation parameters satisfy the current experimental constraints shown in Table 1 . The upper bound of the lightest active neutrino mass is given by the cosmological bound m i < 0.23 eV [53] . In addition, the mixing matrix U satisfies the constraints of the non-unitarity (21) . Note that, however, there exist severe constraints in a low M i region (M i 2 GeV), which are obtained by π and K peak searches, π, K, D, Z decay searches, and LHC collider searches. They are summarized in Ref. [18] , and we also apply their constraints in our analysis. For the neutrinoless double beta decay, the lightest heavy neutrino mass M 1 is sensitive. Figure 3 shows M 1 dependence of |m N eff | with the blue dots, while the red dots show the active neutrino contribution |m ν eff |, which does not depend on heavy neutrinos. The cyan and pink dots show the excluded points due to the constraints in Ref. [18] for |m The cyan dots show the excluded points due to the constraints in Ref. [18] . The gray band and the black-dashed line show the type-I seesaw case, and |δm
h /2 with M h = 125 GeV, respectively. The left and right panels correspond to the NH and the IH cases, respectively. sponds to the current upper bound m eff < (61−165) meV obtained by the KamLAND-Zen experiment [13] and their future sensitivity m eff < 0.02 eV, respectively. For M 1 > 1 GeV, the heavy neutrino contribution is strongly suppressed, and thus, there are almost no points above the current upper bound. Note that there exists m eff < |m ν eff | region, since m ν eff and m N eff can be canceled each other. Thus, the IH case is not completely excluded. For the Higgs mass correction, the heaviest heavy neutrino mass M 3 is sensitive. Figure 5 shows M 3 dependence of |δm 2 H | (blue dots). The cyan dots show the excluded points due to the constraints in Ref. [18] . The gray band shows the type-I seesaw case, and the black-dashed line corresponds to |δm violation. In particular, a future experiment of µ → e conversion at PRISM can give the strongest constraint. Figure 6 shows the rate of µ → e conversion in Titanium (blue dots), which has been calculated as in Appendix A. 5 The cyan dots show the excluded points due to the constraints in Ref. [18] . The black-dashed line corresponds to the future sensitivity of PRISM experiment R µ→e < 10 −18 [25] , while the current upper bound is R µ→e < 4.3 × 10 −12 [56] . For Titanium, the µ → e conversion rate vanishes at M i ≃ 4.5 TeV.
Since the vanishing point is the different for the various nuclei, the experiment using Titanium can be complemented by experiments using other nuclei. In addition, the low mass region M i 140 MeV may be excluded by constraints coming from the big bang nucleosynthesis [57] . Therefore, we can expect the inverse seesaw model is highly testable, i.e., future experiments of neutrinoless double beta decay and µ → e conversion can search the low mass region M i 1 GeV and the high mass region M i 1 GeV, respectively.
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Finally, we mention our assumption "M N and µ N = µ S are diagonal". If this assumption were relaxed, the matrix V is not the identity matrix, which can change the configuration of the Yukawa coupling matrix Y ν (see Eq. (10)). However, this new degree of freedom does not change the order of magnitude of the matrix, and the matrix R can also change the configuration of Y ν . Thus, we can expect that the effect of V does not change allowed parameter space of Y ν (at least significantly). Actually, in the numerical calculations, the matrix U is rather effective than Y ν , and we have checked that all scatter plots of (M i , |U ij | 2 ) are uniformly distributed, which means our assumption (M N and µ N = µ S are diagonal) does not restrict the results. After all, we can expect that, even if the assumption were relaxed, our statement does not change.
Summary
We focus on the (3, 3) inverse seesaw model, in which the number of both right-handed neutrinos and sterile neutrinos are three. We have investigated heavy neutrino contributions for the neutrinoless double beta decay. Its rate is proportional to the effective neutrino mass, and it is useful to estimate contributions from the heavy neutrinos. We have found an analytic form of the heavy neutrino contribution to the effective neutrino mass. It is strongly suppressed for a large heavy-neutrino mass 1 GeV, while, in ∼ 0.1 GeV region, it can be enhanced by ten times or more than the active neutrino contribution alone. We have also investigated the Higgs mass correction coming from the heavy neutrinos, and found the minimal value of Higgs mass correction is determined for a given heavy neutrino mass, which is usually larger than the type-I seesaw case. Then, we have shown numerical results of heavy neutrino contributions to the effective neutrino mass and the Higgs mass correction. As a result, we have found that almost all parameter space of the inverse seesaw model can be complementarily searched: the low mass region M i 1 GeV and the high mass region M i 1 GeV can be searched by future experiments of neutrinoless double beta decay and µ → e conversion, respectively. 
Appendix
A µ → e conversion rate
Due to the existence of the heavy neutrinos, violation of charged lepton number arises at the one loop level. µ → e conversion is induced by a series of gauge boson mediated diagrams. Its rate is calculated by [58] (see also Ref. [59] for the inverse seesaw model with or without supersymmetry)
where α W = g 2 2 /(4π), α = e 2 /(4π), s W = sin θ W is the Weinberg angle, G F is the Fermi constant, and m µ is the muon mass. The other constant parameters depend on a nuclei information which is used in experiments. A is the mass number, Z (Z eff ) is the (effective) atomic number, F p is a nuclear form factor, and Γ capt is the capture rate. These values are given in Table 2 [58]. 
The loop functions are
G γ (x) = − x(2x 2 + 5x − 1) 4(1 − x) 3 − 3x
G Z (x, y) = − 1 2(x − y)
F Box (x, y) = 1 x − y 4 + xy 4
F XBox (x, y) = −1 x − y 1 + xy 4
(1 − y) 2 ln y −2xy
with the limiting values
As a result, Eqs. 
